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Abstract We determine frequency-dependent attenuation 1=Q�f� for the Hispanio-
la region using direct S and Lg waves over five distinct passbands from 0.5 to 16 Hz.
Data consist of 832 high-quality vertical and horizontal component waveforms
recorded on short-period and broadband seismometers from the devastating 12 January
2010 M 7.0 Haiti earthquake and the rich sequence of aftershocks. For the
distance range 250–700 km, we estimate an average frequency-dependent Q�f� �
224��27�f0:64��0:073� using horizontal components of motion and note that Q�f�
estimated with Lg at regional distances is very consistent across vertical and horizontal
components. We also determine a Q�f� � 142��21�f0:71��0:11� for direct S waves at
local distances, ≤100 km. The strong attenuation observed on both vertical and
horizontal components of motion is consistent with expectations for a tectonically
active region.

Online Material: Figures of filtered and broadband data, Lg- and S-wave ampli-
tudes, and apparent frequency-dependent Q, and tables of earthquake and station
parameters.

Introduction

In this studywe focus on the attenuation characteristics of
the Caribbean island of Hispaniola and the surrounding re-
gion, ranging from Jamaica and Cuba in the west to Puerto
Rico in the east (Fig. 1). The island of Hispaniola, which com-
prises the countries of Haiti and the Dominican Republic, is
mountainous with maximum elevations of nearly 4000 m and
lies at the complex boundary between theNorthAmerican and
Caribbean tectonic plates (Fig. 1). Relative plate motion is ap-
proximately 20 m=yr with Hispaniola at the transition zone
between a subduction zone to the east (Fig 1, Puerto Rico
trench) and a dominantly strike-slip plate boundary to thewest
(Fig. 1, Cayman trench) (Bird, 2003; Manaker et al., 2008).
Two major crustal transpressional strike-slip fault systems—
the Septentrional fault to the north and the Enriquillo Plantain
Garden fault to the south (Manaker et al., 2008; Calais, et al.,
2010)—run roughly east–west across Hispaniola, posing a
significant earthquake hazard (Prentice, et al., 2010; Frankel
et al., 2010; Mann et al., 2002). On 12 January 2010, an
Mw 7.0 earthquake occurred in this region killing more than
230,000 people in the city of Port-au-Prince, Haiti, and caus-
ing submarine landslides that resulted in the production of
local tsunami inundation (Hornbach et al., 2010). The earth-
quake was the largest to strike the southern part of Hispaniola
since 3 June 1770 (Calais et al., 2010) and was due to a com-
plex rupture process involving slip on multiple faults (Hayes

et al., 2010). In the year following the M 7.0 earthquake,
numerous aftershocks have occurred with a diffuse distribu-
tion of hypocenters that are located primarily at the western
margin of the region of significant slip, suggesting that most
of these events reflect triggered slip on minor faults rather
than defining the mainshock coseismic rupture zone (Hayes
et al., 2010).

Historically, only a small number of recordings of
moderate-to-large–magnitude earthquakes (M >5) at local
distances were available in the Hispaniola region, limiting
the determination of ground-motion relations for magnitudes
and distances for engineering interest. In this study, we
utilize the Haiti M 7.0 mainshock and a rich sequence of
aftershocks to solve for frequency-dependent attenuation
Q�f� using the seismic phases Lg at regional distances and
direct S waves at local distances. Q�f� is an important phy-
sical parameter and is required for successful simulation of
strong ground motion using techniques such as semiempiri-
cal modeling (Joshi and Midorikawa, 2004), composite
source modeling (Zeng et al., 1994), and stochastic simula-
tion (Boore, 1983).

The Lg phase propagates with a group velocity of about
3:5 km=s, the average crustal shear-wave velocity, and is
commonly observed as the dominant phase on high-frequency
seismograms at regional distances (e.g., Isacks and Stephens,
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1975; McNamara and Walter, 2001). Lg is generated by
a superposition of higher-mode surface waves (Oliver and
Ewing, 1957; Knopoff et al., 1973) or as multiply-reflected
shear energy in a crustal waveguide (Press and Ewing,
1952; Gutenberg, 1955). Consequently, Lg provides a good
measure of path-averaged crustal properties such as shear-
wave velocity and attenuation. Lg amplitude is sensitive to
lateral heterogeneity in the crust due to varying tectonic
environments (Erickson, et al., 2004).Lg attenuation is higher
for tectonically active regions than for stable continental
interiors (Frankel et al., 1990; Atkinson et al., 1992; Xie and
Mitchell, 1993; McNamara et al., 1996; Benz et al., 1997;
McNamara, 2000; Ottemoller, 2002). Several mechanisms
have been proposed to explain these observations: differences
in crustal heterogeneity leading to differences in absorption of
high-frequency energy (Aki, 1980), differences in crustal tem-

perature (Frankel et al., 1990), and variations in crustal struc-
tures that control elastic wave propagation (Gregersen, 1984;
Kennett, 1986). Lg is generally observed to propagate ineffi-
ciently or to be completely absent in thin oceanic crust (Ken-
nett, 1986; McNamara et al., 2001; Zhang and Lay, 1995).

Numerous researchers have estimated Q�f� for the
Earth’s crust throughout the world (Aki, 1980; Chavez
and Priestly, 1986; Frankel et al., 1990; Atkinson and
Mereu, 1992; McNamara et al., 1996; Benz et al., 1997). The
frequency-dependent quality factor Q�f� is commonly mod-
eled using a power law of the form

Q�f� � Q0�f=f0�η; (1)

where f0 is a reference frequency (generally 1 Hz), Q0 is Q
at the reference frequency, and η is assumed to be constant
over the frequencies of interest. In this study we use data

Figure 1. Tectonic setting and study area maps showing the tectonic plate boundary (blue lines) between the North American and
Caribbean plates (Bird, 2003). The small inset boxes (dashed lines) are the Lg and S-wave Q study areas. The Lg study area has 749
Lg propagation paths (red lines) from 125 shallow (h ≤ 15 km) earthquakes (white circles) (Ⓔ see Table S1, available in the electronic
supplement to this paper) recorded at 25 short-period and broadband seismic stations (black triangles) (Ⓔ see Table S2, available in the
electronic supplement to this paper). The S-wave study area shows 90 S-wave propagation paths (red lines) from 22 shallow (h ≤ 15 km)
earthquakes (white circles) (Ⓔ see Table S1, available in the electronic supplement to this paper) recorded at 10 short-period and broadband
seismic stations (black triangles) (Ⓔ see Table S2, available in the electronic supplement to this paper).
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from broadband instruments to determine Q�f� in the
Hispaniola region and compare the results with attenuation
determined for other regions.

Q Inversion Methods

Data Selection and Amplitude Measurement

Lg and S-wave amplitudes used in the inversion were
restricted to stations that recorded at least two earthquakes
and earthquakes recorded by at least two stations. In addition
to visual inspection, we required a signal-to-noise root mean
square (RMS) amplitude ratio greater than two, where the
noise amplitude is taken from the P coda rather than preced-
ing the P wave. This step eliminated very few paths, because
Lg is generally the dominant arrival on regional seis-
mograms, and ensured observations where Lg is present at
all distances. The goal was to eliminate paths crossing
Lg-blocking structures, such as abrupt crustal thickness tran-
sitions from continental to oceanic crust, that would bias the
regionalQ estimate (McNamara andWalter, 2001). The RMS
amplitude for Lg was windowed from 3.6 to 3:0 km=s, direct
S from 4.8 to 3:6 km=s and the P coda was windowed from
5.8 to 4:8 km=s. The window for the P coda was chosen to
select the scattered energy between faster crustal P waves
(Pg) and slower upper mantle S waves (Sn). Regional and
local waveforms that passed the signal-to-noise criteria were
further processed to obtain Lg and direct S-wave spectral
amplitude measurements. This included deconvolution of
the instrument response transfer function from the band-
pass-filtered seismogram. Finally, the RMS amplitude of Lg
and S were measured in five one-octave passbands with cen-
ter frequencies of 0.75, 1.5, 3, 6 and 12 Hz. After applying
the earthquake and waveform selection criteria to over 2000
regional seismograms, nearly 850 high-quality Lg and S-
wave waveforms remained: from 125 events recorded at
25 stations. Figure 2 shows an example of well-recorded
S-wave and Lg arrivals that passed the data selection criteria
for an earthquake (20 March 2010, 18 h 8 m 8.72 s) located
off the southeastern shore of Cuba (19.67 N, 75.33 W; 14 km
depth; and Mw 5:6) (Ⓔ Table S1, available in the electronic
supplement to this paper) recorded at the portable aftershock
station GS.WSYH.00.EHE (Δ � 275:4 km) (Fig. 1b andⒺ
Table S2, available in the electronic supplement to this
paper). Seismic velocity windows and phases are labeled in
Figure 2 at the five filtered passbands used in this study. In
general, S-wave and Lg amplitudes decrease with increasing
frequency content. We also observe measureable Lg ampli-
tudes (Fig. 2) despite significant oceanic paths (Fig. 1;
McNamara and Walter, 2001). Ⓔ Additional filtered seis-
mograms are available as an electronic supplement to this
paper (Fig. S1).

Single Frequency Q Inversion

The inversion method used in this study to estimate
Q�f� is well known (Frankel et al., 1990; McNamara et al.,

1996; McNamara, 2000; Erickson et al., 2004) and described
in detail by Benz et al. (1997). The observed amplitude A at
frequency f for the jth earthquake recorded at the ith station
can be modeled as

Aij�f� � R�γ
ij Sj�f�Gi�f�e�πfRij=Qβ; (2)

where Sj�f� is the source spectrum, Gi�f� is the site ampli-
fication, Rij is the epicentral distance between the earthquake
j and station i, γ is the exponent for geometrical spreading,Q
is the quality factor at frequency f, and β is the average
shear-wave velocity for the crust—3:5 km=s for this study.
Taking the logarithm of equation (2) yields the following:

lnAij�f� � γ lnRij � lnGi�f� � ln Sj�f� � πfRij=Qβ:
(3)

When amplitude corrected for geometric spreading (the left
side of equation 3) is plotted with respect to distance, the
right side of equation (3) describes a line where the receiver
(Gi) and source (Sj) terms control the intercept, and the Q
term controls the slope. Using a dataset with many source–
receiver pairs, a system of linear equations can be set up
based on equation (3). The system of equations can be ex-
pressed as

Ax � t; (4)

where A is the system matrix made up of the parameter coef-
ficients of equation (3), x is a column vector containing the

Figure 2. The 20 March 2010, 18 h 8 m 8.72 s earthquake lo-
cated off the southeastern shore of Cuba (19.67 N, 75.33 W; 14 km
depth; and Mw 5:6) recorded at the portable aftershock station
GS.WSYH (Δ � 275:4 km). Shown is the GS.WSYH.00.EHE
(100 samples per second) component of the instrument corrected
displacement seismogram. The seismogram is filtered in five pass-
bands. Seismic velocity windows (red lines) and phases used in the
data selection procedure are shown.

Frequency-Dependent Seismic Attenuation within the Hispaniola Island Region of the Caribbean Sea 775



unknown source (S) and receiver (G) terms and the regional
Q term, and the t vector is comprised of the left hand side of
equation (3). The system matrix A is made up of mostly ones
and zeros, with the last column listing a portion of the last
term of equation (3), ��πfRij

β �. We solve for each frequency
independently, and the known variables are R, f, and β for
each source–receiver pair. A singular value decomposition
(SVD) inversion algorithm is then applied to solve for the
unknown variables Sj and Gi, as well as a regionally aver-
aged Q for a single frequency passband with center fre-
quency f (e.g., Menke, 1980; Aster et al., 2002).

Sensitivity of Q�f� to Geometric Spreading

In developing attenuation models, we must determine if
Q�f� can be determined by assuming a single geometric
spreading rate γ or if an epicentral distance dependence is
indicated. Several previous studies have described the geome-
trical spreading function as a hinged-trilinear functional form,
in which amplitude decay varies as a function of epicentral
distance (Atkinson and Mereu, 1992; Atkinson and Boore,
1995). For example, Atkinson (2004) describes attenuation
in eastern North America by parameterizing geometrical
spreading as R�1:3 to 70 km, as R0:2 for 70–130 km, and
R�0:5 beyond 130 km. This parameterization is interpreted
as reflecting changes in the dominant wave type. At close
distances, the direct Swaves dominate and the attenuation rate
is steep, R�1:3. At distances beyond 70 km, the postcritical
reflections from the Moho discontinuity join the direct S
waves, increasing energy levels and decreasing the attenua-
tion rate, R0:2. At regional distances, multiple refractions and
reflections of the shearwaves trapped in the crustal waveguide
Lg dominate seismic records, and the attenuation rate changes
to the commonly used form R�0:5 (Frankel, 1991; McNamara
et al., 1996; Benz et al., 1997). In an attenuation study in Puer-
to Rico, Motazedian and Atkinson (2005) found significant
distance-dependent geometrical spreading and adopted a
hinged-trilinear functional form specific to Puerto Rico,
where geometrical spreading is described by R�1, R0, and
R�0:5, with hinge points at 75 and 100 km.

Figure 3 shows the distribution of raw horizontal compo-
nent (BHE, BH1) Lg- and S-wave amplitudes, measured in
the 1–2 Hz frequency band as a function of distance.
S-wave (green squares) and Lg (green circles) amplitudes for
theM 7.0 Haiti earthquake (12 January 2010, 21 h 53m 10 s),
recorded only at permanent stations, and anM 4.2 (28 March
2010, 07 h 16 m 17 s), recorded by nearly all stations in the
study, are also shown. We observe a significant amount of
scatter. Amplitude variability is due to the range of magni-
tudes spanned by the dataset, variability in regional Q, site
amplification, and possible errors in the instrument response
transfer function. Earthquake magnitude variation will be
absorbed into the source term (S) in equation (3), and any sys-
tematic amplitude contributions due to site response amplifi-
cation and/or instrument response will be absorbed into the
receiver term (G). Because we cannot separate site amplifica-

tion from instrument response contributions, we are not able
to interpret the receiver (G) term as being due to regional site
amplification variations.

Both phase type and attenuation rate changes as a func-
tion of epicentral distance are clearly observed in Figure 3. In
general, Lg is not well established and separate from crustal S
waves in paths shorter than 100 km. At distances <100 km,
crustal S waves are the largest phase on the seismogram
(Fig. 3, black squares). At distances from 100 to 250 km, Lg
develops (Fig. 3, blue squares) while crustal S waves are still
present. Beyond 250 km, body waves consist of small
amplitude mantle head waves (Sn), and crustal Lg dominates
the seismogram. Despite the scatter in Figure 3, we observe
that the attenuation rate depends strongly on epicentral dis-
tance, with clear changes in slope at several hinge points.
Observed raw amplitudes show significant changes in slope
at distances of 20 km, 250 km, and 700 km (Fig. 3). This
observation is consistent with observations made previously
in other regions (Atkinson, 2004; Motazedian and Atkinson,
2005), although the hinge points in our dataset are unique
to the crustal attenuation and velocity structure of the His-
paniola region.

P-Wave Velocity Structure

We analyzed the travel times of first arriving P waves in
order to further investigate crust and upper mantle structure
deduced from the distance-dependent Lg and S-wave ampli-
tudes observed in Figure 3. This dataset yielded over 2000
travel times, which were assigned a quality factor from A to

Figure 3. Raw 1–2 Hz horizontal component local S-wave
(black squares) and regional Lg (blue squares) amplitudes from sta-
tions BHE and BH1 plotted as a function of distance. Also plotted
are S-wave (green squares) and Lg (green circles) amplitudes for the
M 7.0 Haiti earthquake (12 January 2010, 21 h 53 m 10 s) recorded
by permanent stations in the region and S-wave (red squares) and Lg
(red circles) amplitudes for an M 4.2 earthquake (28 March 2010,
07 h 16 m 17 s) recorded by both portable and permanent stations
(Fig. 1a, b; Ⓔ see Table S2, available in the electronic supplement
to this paper) in the study. Changes in slope at distances of 20, 250,
and 700 km indicate changes in attenuation as a function of epicen-
tral distance.
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D, depending on the precision and confidence in the phase
pick. Figure 4 shows the A and B quality travel times versus
distance for 503 first arriving P waves plotted with a
reducing velocity of 7:7 km=s. Clear changes in slope are
observed at 200 km (Fig. 4, Xd) and 700 km (Fig. 4, Xm),
suggesting that three separate P phases are present in the
dataset. A least-squares fit to travel times at distances up to
200 km results in a propagation velocity of 6:6 km=s and is
most consistent with the crustal Pg phase. Travel times at
distances of 200–700 km propagate at 7:7 km=s and are most
consistent with the mantle head wave (Pn) while travel times
at epicentral distances >700 km propagate at 8:3 km=s and
are likely due to P waves that propagate at greater depths in
the mantle (Fig. 4).

The crossover distance (Xd � 200 km) and intercept
time (Ti � 2:97 s) determined from the least-squares fit to
the mantle head-wave Pn (Fig. 4) can be used to uniquely
determine crustal thickness from standard refraction seismol-
ogy methods (Dobrin and Savit, 1988). Intercept time (Ti) is
expressed by the following:

Ti � 2h

����������������������
1

V2
Pg

� 1

V2
Pn

s
; (5)

where h is crustal thickness, VPg is crustal Pg velocity, and
VPn is mantle Pn velocity. Using the values from Figure 4,
we compute a crustal thickness of 20.6 km. This result is
consistent with receiver function results obtained from the
Earthscope Automated Receiver Survey (EARS) at the
Incorporated Research Institutions in Seismology (IRIS) Data
Management Center (DMC) for the USGS Global Seis-
mographic Network (GSN) station CU.SDDR (Fig. 1a; Ⓔ
Table S1, available in the electronic supplement to this paper)
in the Dominican Republic after the methods of Crotwell and
Owens (2005), which suggest a crustal thickness of 20 km
and crustal velocity of 6:6 km=s. Our observed average crus-
tal Pg velocity of 6:6 km=s is quite fast for a tectonic region,

and the crustal thickness of 20 km is very thick for an oceanic
environment. The crust in this region, from eastern Cuba to
eastern Puerto Rico (Fig. 1), is made up of both exposed
islands and shallow ocean depths. Thickened island arc ocea-
nic crust, due to active collision tectonics along the north
plate boundary (Mann et al., 2002), is consistent with our
observations of fast P-wave velocity and thick oceanic crust,
as well as shallow bathymetry.

The crustal structure determined from local and regional
distance first arriving P waves is roughly consistent with the
path-length dependent S-wave and Lg amplitudes observed
in Figure 3. At distances <100 km, crustal waves (Pg and
Sg) dominate the seismogram. At distances from 100 to
250 km, Lg develops while both crustal P and S waves are
still present. Beyond 200–250 km, body waves consist of
small amplitude mantle head waves (Pn and Sn) and crustal
Lg dominate the seismogram. Based on these observations,
we invert separately for Q�f� using direct S waves at dis-
tances <100 km, assuming R�1, and Lg at distances of
250–700 km, assuming R�0:5. The hinge point positions for
Haiti and the Hispaniola region are unique. However, we use
geometric spreading functions consistent with those of pre-
vious studies in the region (Atkinson, 2004; Motazedian and
Atkinson, 2005).

Results

Lg Q Results

Vertical component Lg amplitudes, measured in five fre-
quency bands and corrected for the source (Sj), and receiver
(Gi) terms are shown in Figure 5. The straight lines represent
the best fitting Q for the particular frequency band from
equation 3. In each frequency band the inversion procedure
solves for an average Q using 749 high-quality Lg amplitude
observations from 126 events recorded at 25 stations with a
distance range of 250–700 km (Fig. 5). Ⓔ Horizontal com-
ponent Lg amplitudes, measured in five frequency bands and
corrected for the source (Sj), and receiver (Gi) terms are
available as an electronic supplement to this paper (see
Figs. S2 and S3).

S-Wave Q Results

Ⓔ Horizontal component S-wave amplitudes, measured
in five frequency bands and corrected for the source (Sj),
and receiver (Gi) terms are available as an electronic supple-
ment to this paper in Figure S4. The straight lines represent
the best fitting Q for the particular frequency band from
equation 3. In each frequency band, the inversion procedure
solves for an average Q using 90 high-quality S-wave am-
plitude observations from 22 events recorded at 11 stations
with a distance range of 25–80 km (Ⓔ see Fig. S4, available
in the electronic supplement to this paper).

Figure 4. First arriving P-wave travel times plotted with a re-
ducing velocity of 7:7 km=s.
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Q�f� Results
By repeating the inversion over five octaves, with center

frequencies of 0.75, 1.5, 3, 6, and 12 Hz, we obtain a Q

estimate for each passband. Aweighted L1 norm least-squares
regression analysis is then used to fit the frequency-dependent
Q functionQ�f�, equation (1), to theQ estimates. Taking the
logarithm of both sides of equation (1) yields

lnQ � lnQ0 � η ln�f� � η ln�f0�; (7)

where Q0 and η are the unknowns to be determined.
We find Lg, Q�f� � 245��31�f0:61��0:082�, for the ver-

tical components of motion (Ⓔ see Fig. S5, available in the
electronic supplement to this paper) and for the horizontal
components of motion in the east–west direction (BHE,
HHE, SHE, and BH1), Q�f� � 228��27�f0:65��0:081� (Ⓔ

Figure 5. Original vertical component (stations SHZ, HHZ, and BHZ) Lg amplitudes (black triangles) corrected for source and receiver
terms determined in the Q inversion (red squares) (a) 0.75 Hz Lg Q results. (b) 1.5 Hz Lg Q results. (c) 3.0 Hz Lg Q results. (d) 6.0 Hz Lg Q
results. (e) 12.0 Hz Lg Q results using vertical components.
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see Fig. S6, available in the electronic supplement to
this paper), and in the north–south direction (BHN, HHN,
SHN, and BH2), Q�f� � 220��21�f0:62��0:064� (Ⓔ see
Fig. S7, available in the electronic supplement to this paper).
Finally, we combine all horizontal components and determine
an average Q�f� � 224��27�f0:64��0:073�, which is the final
LgQ�f�model presented in this analysis. We observe that Lg
Q�f� estimated at regional distances is very consistent across
vertical and horizontal components. It is interesting to note
that the simple SVD linear model fits LgQ values in the mid-
frequencies, however at both low and high frequencies, Q
values are generally higher than that of the model, suggesting
that η steepens with increasing frequency (Fig. 6; Ⓔ see
Figs. S6 and S7, available in the electronic supplement to this
paper). This has also been observed in previous studies in the
continental United States (Erickson et al., 2004) and suggests
that more complex modeling may be required. In addition to
Lg Q�f�, we find Q�f� � 142��21�f0:71��0:11� using only
horizontal component direct S waves at local distances
≤100 km (Ⓔ see Fig. S8, available in the electronic supple-
ment to this paper). For comparison, Q�f� results for all Lg
components and the direct S wave are shown in Figure 7.

Error and Resolution

We examined the mean and standard deviation of Q for
each region for all frequencies by resampling the original da-
taset using the delete-j jackknife resampling technique mod-
eled after the method of Efron and Tibshirani (1993). To
achieve consistency for the jackknife estimate of standard de-
viation, we left out at least d � ���

n
p

, where n is the total num-
ber of observations and d is the number of observations
removed from the complete dataset. To obtain an error bound,
we removed d number of randomly selected observations

from the total n number of observations to create 1000
new jackknife datasets, and then inverted each jackknife
dataset to determine 1000 Q values. From these 1000 Q
values, we calculate a standard deviation (2σ) and a mean
value for the region at a desired frequency.We then compared
the mean Q from the 1000 jackknife datasets to the Q com-
puted from the entire dataset to test for stability and accuracy.

Figure 7 shows a histogram of the results obtained from
1000 different inversions of randomly selected jackknife
datasets using the horizontal (SHE, HHE, BHE, and
BH1) Lg amplitudes measured in the 0.5–1.0 Hz band
(center frequency � 1:5 Hz). We randomly removed 20%
of the observations from the complete dataset (n � 742)
to create 1000 new jackknife datasets, and then inverted each
new reduced dataset to obtain 1000 Q values. The mean and
standard deviation were calculated from this set of 1000 Q
values to establish error estimates for the region. In this
example, Q computed from the complete dataset is 262.56
(Ⓔ see Fig. S2b in the electronic supplement to this paper).
After 1000 randomly sampled datasets, with a 20% reduction
in the number of data points, the average jackknifeQ value is
264:25� 19:78, a difference of only 1.75 from the Q deter-
mined from the complete dataset.

We also tested the stability of our datasets by removing an
increasing number of waveforms to determine at which point
the inversion becomes unstable, and Q is no longer well
resolved. Our results remain stable, with a standard deviation
less than 50 and a deltaQ less than 50, until about 75% of the
data are removed (Fig. 8). This suggests that Q can be deter-
mined with relatively few observations and that adding more
observations merely decreases the error. Since the variation of
Q from the different datasets likely represents the regional
variability of the Q structure, these observations reinforce
our confidence that our Q results are stable estimates of the
frequency-dependent regional average attenuation structure.

Figure 6. Frequency-dependent Lg Q�f� for vertical compo-
nents of motion (red) Q�f� � 245��31�f0:61��0:082� and horizontal
components of motion (blue; stations BHE, HHE, SHE, and BH1)
Q�f� � 228��27�f0:65��0:081� (green; stations BHN, HHN, SHN,
and BH2) Q�f� � 220��21�f0:62��0:064��. Also shown is the direct
S-wave (black) Q�f� � 142��21�f0:71��0:11�.

Figure 7. Histogram of 1000 jackknife Q inversions for hori-
zontal component Lg amplitudes at 1.5 Hz. In this example, the total
number of observations �n� � 742 and the number of observations
removed for each jackknife inversion �d� � 148 are shown. Note
the normal distribution of Q values. From 1000 randomly sampled
datasets, the average jackknife Q value is 264:25� 19:78.
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Discussion

Our results show that the attenuation properties of Lg
differ from those of the direct S wave in Hispaniola. Differ-
ences reflect a depth dependence of attenuation: the Lgwave-
form samples the entire crust, including the deeper crust,
which is likely to be characterized by lower attenuation
(higher Q; Hough and Anderson, 1988), while the direct
S waves are more strongly controlled by the upper crust.

Both direct S and Lg Q�f� results for Hispaniola can be
compared with results determined for other regions. Of the
regions for which Lg attenuation has been investigated, the
regional Lg Q�f� results from this study are most similar to
the Basin and Range and south-central Alaska (McNamara,
2000; Erickson et al., 2004). The direct S-wave Q�f� esti-
mated in this study is most similar to previous results from
southern California. In addition, Raoof et al. (1999) found
Q�f� � 180f0:45 for southern California using local S
waves, and Frankel et al. (1990) computed Q � 110 at 3 Hz
for southern California, using a geometric spreading function
of R�1. The local attenuation properties of Hispaniola, com-
puted in this study, are thus consistent with values estimated
for other tectonically active regions.

The nearest region to our study is Puerto Rico (Fig. 9), for
which Motazedian and Atkinson (2005) estimate Q�f� �
359f0:59 using earthquakes as deep as 200 km. The frequency
dependence of our results and Puerto Rico are similar; how-
ever Q0 is lower in our study. The difference between Q0 in
Puerto Rico and in the Hispaniola region might reflect several
factors including regional variability in attenuation and the
selection of only shallow crustal earthquakes in this study.

Despite the large number of ocean paths traversing the
Caribbean Sea surrounding the island of Hispaniola, Lg is
generally observed to propagate efficiently and is well
observed on seismograms. It is interesting to note that while
our observed Lg Q�f� is relatively low and indicative of an
active tectonic region, Lg amplitudes are significantly higher
than might be expected in an oceanic environment (Zhang
and Lay, 1995; McNamara and Walter, 2001). For the His-
paniola region of the Caribbean Sea considered in this study
(Fig. 1), the Lg wave train is well developed, suggesting the
presence of continental crust. However, Lg paths in this study
traverse areas of shallow ocean bathymetry associated with
thickened ocean arc crust at the active boundary between the
North American and Caribbean tectonic plates (Fig. 1), as
opposed to thin oceanic crust, which is typically associated
with deeper bathymetry (for a more detailed map of the
region see Tarr et al., 2010). In addition to the quantitative
Q�f� results presented here, we note that Lg propagation is
not exclusive to continental regions but can also propagate in
thickened oceanic crust. Because of the complex nature of
the crust, we expect thatQwill be highly variable throughout
other parts of the Caribbean region. Future work will consid-
er Q and Lg propagation for the broader region using pre-
viously established tomographic methods (McNamara and
Walter, 2001; Pasyanos et al., 2009).

Computing region-specificQ�f� is important to simulat-
ing the strong ground shaking for large earthquake scenarios
for hazard mitigation planning and for the improvement of
probabilistic assessments of seismic hazard, such as the USGS
national seismic hazard maps that are used for seismic provi-
sions in building codes (Frankel et al., 2000; Frankel et al.,
2002; Petersen et al., 2008). Attenuation characteristics are
also important for magnitude detection threshold models
computed to optimize seismic network design for earthquake

Figure 8. In this plot we show the difference between the aver-
age Q determined from 1000 jackknife datasets and the Q inverted
from the original complete dataset (red line) versus the percent of
data removed. Data are the same as used in Figure 8. Note that theQ
difference is very low until 40% of the data are removed. The Q
difference gradually increases as an increasing percentage of data
are removed. The black line is the standard deviation of the jack-
knifedQ result versus the percent of data removed from the original
dataset before inversion. Note the standard deviation gradually in-
creases until about 75 percent of the original data are removed.

Figure 9. Q�f� results from this study compared to results from
numerous regions. The northeastern U.S. (NEUS; Benz et al., 1997),
central U.S. (CUS; Erickson et al., 2004), Tibet (McNamara et al.,
1996), Puerto Rico (PRSN;Motazedian and Atkinson, 2005), south-
central Alaska (McNamara, 2000), Basin and Range (BRP; Benz
et al., 1997), and southern California (SoCal, Erickson et al., 2004).
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and tsunami monitoring (McNamara et al., 2009). This is a
first contribution on the understanding of attenuation pa-
rameters in the Haiti–Hispaniola region. Additional work
such as detailedmicrozonation, near surface velocity profiling
for VS30, and regional phase propagation modeling are re-
quired to further improve our understanding of the ground-
motion characteristics of the Haiti–Hispaniola region.

Conclusions

In this study we find that Lg propagates well in an ocean
environment where the oceanic crust is thickened at an active
tectonic boundary and determined frequency-dependentQ�f�
for theHispaniola region using direct S andLgwaves over five
distinct passbands from 0.5–16 Hz. For the distance range
250–700 km, we estimate an average frequency-dependent
Q�f� � 224��27�f0:64��0:073� using horizontal Lg compo-
nents. We also determine a Q�f� � 142��21�f0:71��0:11�

for direct S waves at local distances—≤100 km. Q�f� com-
puted in this study is consistent with that determined in other
studies in the region and is expected for a tectonically active
environment.

Data and Resources

The waveforms used in this study include both horizon-
tal and vertical components of motion from crustal earth-
quakes recorded at local and regional distances. Events
analyzed include the devastating M 7.0 Haiti earthquake
of 12 January 2010 and the rich sequence of aftershocks
(Fig. 1; Ⓔ see Table S1, available in the electronic supple-
ment to this paper). All waveforms were visually inspected
and restricted to well-recorded (M ≥2:5) crustal earthquakes
(depth ≤ 15 km). Data used in this study were digitally
recorded at regional broadband stations operated by the
Puerto Rico Seismic Network (PRSN) (Clinton et al., 2006;
Pujols, 2008), the seismic network in the Dominican
Republic, the USGS GSN (McNamara et al., 2006), and
the Canadian National Network. In addition, 10 portable sta-
tions were deployed shortly after the Haiti M 7.0 earthquake
(Hough et al., 2010) (Fig. 1;Ⓔ see Table S2, available in the
electronic supplement to this paper). Earthquake locations
and magnitudes used in this study were obtained from the
USGS Preliminary Determination of Epicenters (PDE). All
waveform data, from both portable and permanent seismic
stations, used in this study are archived and available for
download from the IRIS DMC. Analysis and mapping soft-
ware used includes SAC (Goldstein and Snoke, 2005), GMT
(Wessel and Smith, 1991), and MATLAB.
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